Introduction {#S0001}
============

Fatigue is a feeling of extreme tiredness, which can result in a broad range of physical and mental unfitness, such as inattention, distraction, and drowsiness \[[@CIT0001],[@CIT0002]\]. This condition mainly results from the depletion of energy sources, including the accumulation of end products of fatigue, disorder in the internal environment of the body, and decrease in glycemic levels and liver glycogen consumption \[[@CIT0003]\]. Fatigue is a suboptimal health status and may be associated with various illnesses. With an accelerating pace of life and fierce social competition, fatigue has become a commonly occurring condition. Thus, efforts such as nutrition interventions are necessary to determine a safe and effective method for preventing fatigue.

Oxidative stress has been identified as one of the factors leading to fatigue \[[@CIT0004]\]. High levels of oxidative stress lead to excessive generation of reactive oxygen species (ROS). These species are highly reactive molecules that cause lipid peroxidation in the membrane structure and damage the cellular structure. The release of ROS could result in lipid peroxidation in the mitochondrial membrane. Damaged mitochondria were found to reduce cellular respiration and adenosine triphosphate (ATP) generation; they are also among the primary causes of fatigue \[[@CIT0005]\]. Interventions that reduce oxidative damage can effectively relieve fatigue, as suggested by study findings that antioxidants exert beneficial effects on fatigue \[[@CIT0006],[@CIT0007]\]. Previous findings indicate that recovery from exercise-induced fatigue requires repair of the damage that has occurred in the body and/or prompts the elimination of metabolic products that have accumulated during exercise \[[@CIT0008]\].

Dietary nucleotides (NTs) can be absorbed and used by all organs, which may benefit from an exogenous supply to save energy and optimize organ function. NTs have many beneficial functions, including antitumor acitivity, immune modulation, liver protective ability, and normalization of metabolism \[[@CIT0009]--[@CIT0012]\]. In addition, NTs exhibit superior antioxidant and anti-aging properties, as confirmed by our previous study \[[@CIT0013]\]. However, studies on the anti-fatigue effects of NTs have rarely been reported. Thus, the present study was designed to evaluate the anti-fatigue activity of NTs and explore the possible underlying mechanism in mice.

Materials and methods {#S0002}
=====================

Materials and reagents {#S0002-S2001}
----------------------

Basal diet (AIN-93G rodent diet) and the NTs-supplemented diet (basal diet supplemented with 0.4 g, 1.6 g and 6.4 g NTs\*kg-1 respectively) were produced by HFK Bioscience Co. Ltd. (Beijing, China). NTs provided by Zhen-Ao Biotechnology Ltd. Co. (Dalian, China) were derived from brew yeast RNA. The NTs content was more than 99%. This product contained 22.8% 5ʹ-adenosine monophosphate (5ʹ-AMP), 26.6% 5ʹ-cytidine monophosphate (5ʹ-CMP), 20.4% 5ʹ-guanosine monophosphate (5ʹ-GMP) Na~2~, and 30.2% 5ʹ-uridine monophosphate (5ʹ-UMP) Na~2~. Dietary ingredients were thoroughly mixed in a mixture, made into pellets and air-dried at room temperature.

Assay kits used for the determination of blood urea nitrogen (BUN) and lactate dehydrogenase (LDH) were purchased from Yingkexinchuang Science and Technology Ltd. (Macau, China). The detection kits of blood lactic acid (BLA), hepatic glycogen, superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), succinate dehydrogenase (SDH), Na^+^-K^+^-ATPase and Ca^2+^-Mg^2+^-ATPase activity, and malondialdehyde (MDA) were purchased from Nanjing Jiancheng Biotechnology Institute (Nanjing, China). All other reagents used in this study were of analytical grade.

Animals and treatment {#S0002-S2002}
---------------------

The present study, after approval from the Institutional Animal Care and Use Committee of Peking University (Ethical approval code: LA2015081, February 2015), used a total of 160 male ICR mice (6--8 weeks old, 18--22 g), which were procured from the Animal Service of Health Science Center, Peking University. They were housed at 25 ± 1◦C, 50--60% humidity, and maintained on a 12 h:12 h light--dark cycle, with free access to standard food and water. All animals were treated according to the Principles of Laboratory Animal Care (NIH publication No. 85--23, revised 1985) and the guidelines of Peking University Animal Research Committee.

After acclimatization for 1 week, the mice were randomly divided into four experimental sets (n = 40). Each set of mice were then divided into four groups (n = 10): control group, and three NTs intervention groups which were designated as a low-dose group (NTs-L), medium-dose group (NTs-M), and high-dose group (NTs-H). Control mice were fed with rodent diet (Vital River Ltd. Co., Beijing). Mice in the three experimental groups were fed with 0.01%, 0.16%, or 0.64% (wt/wt) NTs in the diet, respectively. The doses refer to the previous study in our laboratory \[[@CIT0011]--[@CIT0013]\]. Experimental mice were administrated by gavage for 30 days, and then were used for further experiments.

Forced swimming test {#S0002-S2003}
--------------------

Mice from Experimental Set 1 were used for the forced swimming test. Forced swimming test was carried out as described previously \[[@CIT0003]\]. Briefly, 30 minutes after the final treatments, the mice were placed individually in a swimming pool filled with water (25 ± 1^◦^C) to a depth of 30 cm with a lead sheath (5% of the mouse's body weight) attached to the tail root of each mouse. The swimming time was recorded immediately when the physical strength of the mouse was exhausted and it could not rise to the surface for more than 10 s.

Biochemical assay {#S0002-S2004}
-----------------

Mice from Experimental Set 2 were used for biochemical assay. Thirty minutes after the final oral administration, the mice were forced to swim in water at 30◦C for 90 min without any loads. After resting for an hour, a blood sample was obtained from the eyeballs and skeletal muscles (quadriceps femoris of both hind legs) of the mice. The serum was prepared by centrifugation at 2000 rpm at 4◦C for 15 min. The BUN content and LDH activity in serum were measured by automatic biochemical analyzer (Olympus Corporation, Tokyo, Japan). The SOD, GSH-Px, SDH, Na^+^K^+^-ATPase, and Ca^2+^-Mg^2+^-ATPase activity, and MDA levels in skeletal muscles were determined by detection kits according to the instructions.

Determination of blood lactic acid {#S0002-S2005}
----------------------------------

The concentrations of BLA were determined in mice from Experimental Set 3. Thirty minutes after the final oral administration, the mice were forced to swim in water at 30◦C for 10 min without any loads. Blood was obtained at three time points: at baseline, 0 min after swimming, and 20 min after swimming. A quantiaty of 20 µL blood was accurately collected from the angular vein of mice by glass capillary each time and then immediately moved into the bottom of a 5 mL centrifuge tube, which was joined with 0.48 ml 1% sodium fluoride solution in advance. The glass capillary was flushed with supernatant several times. The concentrations of BLA were determined according to the procedures provided by the kits. The area under the BLA curve (AUC) was calculated according to the following formula:

C0, C1, and C2 stand for the BLA concentration of mice at baseline, 0 and 20 min after swimming, respectively. Cs stands for the area under the BLA curve.

Examination of hepatic glycogen {#S0002-S2006}
-------------------------------

Mice from Experimental Set 4 were used to examine hepatic glycogen. Thirty minutes after the last administration of NTs, the mice were killed and their livers were immediately isolated and homogenized to 10% solution with normal saline at 4◦C. Hepatic glycogen levels were determined using available kits.

Statistical analysis {#S0002-S2007}
--------------------

The data were expressed as mean ± standard deviation (SD). Differences between groups were analyzed by one-way ANOVA test followed by Tukey's post hoc least significant difference test if variances were equal or Tamhane's T3 test if variances were not equal. p \< 0.05 was considered significant.

Results {#S0003}
=======

Effects of NTs on the body weight of mice {#S0003-S2001}
-----------------------------------------

The effects of NTs on the body weight of mice during the experiment are shown in [Table 1](#T0001){ref-type="table"}. The results showed that there was no statistical significance differences of body weight between the control and NTs groups in Experimental Set 1, 2, 3, and 4, respectivelyTable 1.Effects of NTs on the body weight in mice.Body weight (g)ControlNTs-LNTs-MNTs-HMeanSDMeanSDMeanSDMeanSDSet 1        Initial body weight19.400.7619.081.0619.111.1019.461.20Final weight38.351.7335.821.9236.085.7038.384.78Set 2        Initial body weight18.721.0618.311.6318.531.2019.221.09Final weight33.551.7736.181.9335.913.5234.744.30Set 3        Initial body weight20.011.2019.022.0019.991.7520.502.42Final weight35.152.1734.742.5736.594.5835.482.99Set 4        Initial body weight19.321.4418.721.8118.941.5819.401.90Final weight36.804.5736.224.7141.333.8042.433.39[^1]

Effects of NTs in the forced swimming test {#S0003-S2002}
------------------------------------------

The effects of NTs on the forced swimming time of mice are shown in [Figure 1](#F0001){ref-type="fig"}. As expected, in comparison with the control group, the forced swimming time in all three NTs groups was longer and the difference was statistically significant in the NTs-M and NTs-H (p \< 0.05). In general, when compared to the control group, the forced swimming time in the NTs-L, NTs-M, and NTs-H increased by 51.23%, 86.57%, and 71.23%, respectively.Figure 1.Effects of NTs on the forced swimming time, lactate dehydrogenase (LDH), serum urea nitrogen (SUN), and hepatic glycogen content in mice.Data were presented as means *±* SD (n = 10). \* p \< 0.05, versus control group. NTs-L, dietary nucleotides low-dose group; NTs-M, dietary nucleotides medium-dose group; NTs-H, dietary nucleotides high-dose group.

Effects of NTs on lactate dehydrogenase (LDH), blood urea nitrogen (BUN) and hepatic glycogen content in mice {#S0003-S2003}
-------------------------------------------------------------------------------------------------------------

As shown in [Figure 1](#F0001){ref-type="fig"}, compared with the control group, the LDH activity was significantly increased in NTs-M (p \< 0.05) and the BUN levels were markedly decreased in all three NTs-treated groups (p \< 0.05). However, the hepatic glycogen levels of mice were improved in NTs groups without remarkable differences in the comparison with control group (p \> 0.05), which indicates that NTs had no effect on glycogen levels.

Effects of NTs on blood lactic acid (BLA) levels in mice {#S0003-S2004}
--------------------------------------------------------

The results about the effects of NTs on BLA in mice at different time points are shown in [Figure 2](#F0002){ref-type="fig"}. There were no significant differences among the groups at baseline. The BLA levels of 0 min after swimming were remarkable increased in comparison with baseline in all the groups (p \< 0.05). Similarly, compared with the baseline, there was significantly differences between baseline and 20 min after swimming, in the control and NTs-L group (p \< 0.05). Compared with the control group, the concentrations of BLA in NTs-M and NTs-H were significantly decreased at 0 min after swimming (p \< 0.05). At 20 min after swimming, the concentrations of BLA in NTs-H group was significantly decreased (p \< 0.05). After NTs treatment, the area under the BLA curve (AUC) was also reduced in comparison with the control group (p \< 0.05 for NTs-M and NTs-H).Figure 2.Effects of NTs on the content of BLA at different time points and the area under BLA curve in mice.Data were presented as means *±* SD (n = 10). \* p \< 0.05, versus control group; ^a^ p \< 0.05, versus baseline; ^b^ p \< 0.05, versus 20 min after swimming. NTs-L, dietary nucleotides low-dose group; NTs-M, dietary nucleotides medium-dose group; NTs-H, dietary nucleotides high-dose group.

Effects of NTs on parameters of oxidative stress in skeletal muscles of mice {#S0003-S2005}
----------------------------------------------------------------------------

The SOD, GSH-Px activity, and MDA levels are shown in [Table 2](#T0002){ref-type="table"} to evaluate the level of oxidative stress in skeletal muscles of mice. After the treatment, the activities of SOD and GSH-Px, in NTs-M and NTs-H group, were significantly improved in the comparison with control group (p \< 0.05). In addition, MDA levels in skeletal muscle were significantly attenuated in NTs groups (p \< 0.05) compared with the control group.Table 2.Effects of NTs on SOD, GSH-Px activity, and MDA levels in skeletal muscles of mice.ParametersControlNTs-LNTs-MNTs-HMeanSDMeanSDMeanSDMeanSDSOD (U/mg pro)96.1023.73103.1017.58120.83\*10.00108.7721.50GSH-Px (U/g pro)1.190.121.270.181.43\*0.091.35\*0.05MDA (nmol/mg pro)3.721.471.66\*1.172.80\*1.152.24\*1.01[^2]

Effect of NTs on activities of mitochondrial energy metabolic enzyme in skeletal muscles of mice {#S0003-S2006}
------------------------------------------------------------------------------------------------

The SDH, Na^+^-K^+^-ATPase, and Ca^2+^-Mg^2+^-ATPase activity are shown in [Table 3](#T0003){ref-type="table"} to evaluate the level of Mitochondrial Energy Metabolic enzyme in skeletal muscles of mice. After the treatment, the activity of SDH and Ca^2+^-Mg^2+^-ATPase was significantly improved in NTs-M (p \< 0.05). Similarly, the activity of Na^+^-K^+^-ATPase in skeletal muscle were significantly increased in NTs-M and NTs-H groups (p \< 0.05) compared with the control group.Table 3.Effects of NTs on SDH, Na+-K+-ATPase and Ca2+ -Mg2+-ATPase activity in skeletal muscles of mice.ParametersControlNTs-LNTs-MNTs-HMeanSDMeanSDMeanSDMeanSDSDH (U/mg pro)0.810.080.900.060.96\*0.060.840.05Na+K+-ATPase (U/mg pro)1.020.121.160.091.27\*0.151.14\*0.13Ca2+ -Mg2+-ATPase (U/mg pro)0.530.100.670.090.70\*0.110.660.03[^3]

Discussion {#S0004}
==========

With their multifaceted activities, NTs have gained increasing popularity as dietary supplements. A number of reports have demonstrated that adding NTs to dietary formulas increases the production of immunoglobulins, improves response to vaccines, reduces morbidity, and increases tolerance to dietary antigens \[[@CIT0012],[@CIT0014]\]. Our previous studies found that NTs are not toxic or carcinogenic in rats at a concentration of up to 0.64% (of body weight) for their entire lifetime, and could extend the lifespan in SD rats in a dose-dependent manner \[[@CIT0013]\]. To the best of our knowledge, the present study is the first to report that dietary NTs supplementation improves the fatigue. We also found that NTs could increase forced swimming time, LDH activity, and hepatic glycogen levels, simultaneously, NTs could decrease the contents of BUN and BLA in mice. The anti-fatigue effect may be associated with the inhibition of oxidative stress and improvement of mitochondrial activity.

Repetitive and sustained physical labor results in fatigue, provoking systemic alterations, including endocrine, immune, and metabolic dysfunction \[[@CIT0015]\]. The use of forced swimming tests provides a satisfactory experimental model for evaluating anti-fatigue activities in mice \[[@CIT0016]\]. In the present study, NT treatment prolonged the time to exhaustion of the mice, particularly at 0.16% and 0.64% NT-treated groups, indicating the anti-fatigue effects of NTs on mice. To further study the anti-fatigue property of NTs, several biochemical markers for fatigue were measured, including BUN, LDH, BLA, and hepatic glycogen. BUN is formed in the liver as a metabolic product of protein and amino acid; it is one of the blood biochemical indexes related to fatigue. With increased exercise, the energy from sugar and fat catabolism becomes insufficient for the body; proteins and amino acids exhibit a stronger catabolism to compensate for the energy consumption, which causes an increase in BUN \[[@CIT0017]\]. A remarkable positive correlation is observed between the level of BUN and the degree of fatigue \[[@CIT0018]\]. During prolonged exercises, excess lactic acid is generated and accumulated in skeletal muscles, leading to muscle fatigue \[[@CIT0019]\]. Therefore, BLA can be used as a fatigue index. In addition, glycogen is an important energy material that enables movement and provides adequate energy for muscle contraction. Energy use reduces glycogen; meanwhile, an increase in hepatic glycogen can improve exercise endurance \[[@CIT0020]\]. In the present study, NTs can increase the LDH activity and the hepatic glycogen levels, as well as decrease the contents of BUN and BLA in mice.

High energy consumption during intense exercise may cause an imbalance between the oxidation and anti-oxidation systems, resulting in an increase in ROS and a reduction in antioxidant activities. These behaviors lead to enhanced ROS production. Oxidative stress is involved in both chronic fatigue and other fatigue-related disorders \[[@CIT0021]\]. Extreme physical stress could lead to excessive generation of ROS in the skeletal muscle which, in turn, results in peripheral fatigue \[[@CIT0022],[@CIT0023]\]. SOD, GSH-Px activity, and MDA levels, which generally indicate the capacity of the antioxidant defense system, were measured to evaluate the antioxidant activity of NTs. SOD and GSH-Px are important enzymatic antioxidant systems for scavenging free radicals and their metabolites \[[@CIT0024]\]. MDA is one of the degradation products of lipid peroxidation, an important indicator for evaluating cellular oxidative stress \[[@CIT0025]\]. Studies indicated that NTs exhibit remarkable anti-oxidative activities \[[@CIT0011],[@CIT0013]\]. Our results suggested that the anti-fatigue effects of NTs are closely related to the protection of corpuscular membrane by improving the activities of several enzymes and preventing lipid oxidation.

In the present study, mitochondrial function was improved in the skeletal muscles of mice after NT treatment. Continuous ATP generation is required in myocytes to maintain prolonged physical activity. The mitochondrion is an important intracellular organelle in eukaryotic cells, which is the main venue of oxidative phosphorylation and ATP production in mammalian cells. Moreover, the mitochondrion plays an important mediating role for oxidative stress \[[@CIT0026]\]. Consequently, mitochondrial function in skeletal muscles contributes to exercise-induced fatigue. In the present study, the activities of SDH, Na^+^-K^+^-ATPase, and Ca^2+^-Mg2^+^-ATPase were measured to evaluate mitochondrial function. Energy metabolism includes anabolism and catabolism, involving many biological enzymes \[[@CIT0027]\]. Na^+^-K^+^-ATPase and Ca^2+^-Mg^2+^-ATPase are the two main ATP degradation enzymes, which can hydrolyze ATP to supply direct free energy \[[@CIT0028]\]. It plays an important role in maintaining the physiologic functions of material transport, energy conversion, and information transmission \[[@CIT0029]\]. Na^+^-K^+^-ATPase and Ca^2+^-Mg^2+^-ATPase are among the main factors responsible for fatigue \[[@CIT0030]--[@CIT0032]\]. In addition, SDH is a rate-limiting enzyme associated with the regulation of the glycolytic pathway and the Krebs cycle and the catalysis of ATP synthesis \[[@CIT0027]\]. The activities of these enzymes may be important in energy metabolism in the skeletal muscle under fatigue. Under normal conditions, enzymatic activities are regulated to maintain the balance between anabolism and catabolism. Under fatigue conditions, low levels of SDH, Na^+^-K^+^-ATPase, and Ca^2+^Mg^2+^-ATPase activity in the skeletal muscle were observed. This finding indicated that ATP hydrolysis occurred, signifying mitochondrial damage, and that balance was lost, owing to the decreased levels of Na^+^-K^+^-ATPase and Ca^2+^-Mg^2+^-ATPase activity. However, in the present study, we found that NTs could improve mitochondrial function in the skeletal muscles of mice by enhancing the activities of energy metabolic enzymes, such as SDH, Na^+^-K^+^-ATPase, and Ca^2+^-Mg^2+^-ATPase, thereby suppressing oxidative stress and generating more ATP for energy supplementation \[[@CIT0033],[@CIT0034]\].

Conclusions {#S0005}
===========

Our combined results demonstrated for the first time that NTs exert anti-fatigue effects. NTs could increase the forced swimming time of mice by enhancing LDH activity and hepatic glycogen levels and by delaying the accumulation of BUN and BLA. NTs could also improve mitochondrial function and inhibit oxidative stress in the skeletal muscles of mice, which may be an action pathway of its anti-fatigue effects. NTs could be used as a novel natural agent for alleviating exercise fatigue. Further research *in vitro* is required to explore the exact molecular mechanism by which NTs play their role in anti-fatigue effects.
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[^1]: n* *= 10 for each group. NTs-L, dietary nucleotides low-dose group; NTs-M, dietary nucleotides medium-dose group; NTs-H, dietary nucleotides high-dose group

[^2]: n* *= 10 for each group. NTs-L, dietary nucleotides low-dose group; NTs-M, dietary nucleotides medium-dose group; NTs-H, dietary nucleotides high-dose group

[^3]: *n *= 10 for each group. NTs-L, dietary nucleotides low-dose group; NTs-M, dietary nucleotides medium-dose group; NTs-H, dietary nucleotides high-dose group
